The primary cilium (PC) is a small centrosome-assembled organelle, protruding from the surface of most eukaryotic cells. It plays a key role in cell migration, but the underlying mechanisms are unknown. Here, we show that the PC regulates neuronal migration via cAMP production activating centrosomal Protein Kinase A (PKA). Biosensor live-imaging revealed a periodic cAMP hotspot at the centrosome of embryonic, postnatal and adult migrating neurons. Genetic ablation of the PC, or knock-down of ciliary Adenylate Cyclase 3, caused hotspot disappearance and migratory defects, with defective centrosome/nucleus coupling and altered nucleokinesis. Delocalization of PKA from the centrosome phenocopied the migratory defects. Our results show that the PC and centrosome form a single cAMP-signaling unit dynamically regulating migration, further highlighting the centrosome as a signaling hub.
The PC is a small microtubule-based organelle templated by the centrosome and involved in multiple cellular events, including cell motility (1) and neuronal migration in particular (2) (3) (4) (5) . How the PC regulates neuronal migration is largely unknown.
Neuronal migration is essential to the formation of functional neural circuits, with defective migration leading to severe brain malformations and involved in psychiatric disorders (6) .
Migrating neurons display a cyclic saltatory migration with alternations of somal translocation and pauses. Nucleus and centrosome move forward in a "two-stroke" cycle, with the centrosome moving first within a swelling in the leading process (centrokinesis, CK) and the nucleus following subsequently (nucleokinesis, NK) ( Fig. 1A) . Centrosome dynamics is thus pivotal in the regulation of migration, through microtubular centrosome to nucleus coupling allowing NK (7) (8) (9) .
As the PC is a cAMP-rich source (10) (11) (12) (13) , we asked whether it could regulate neuronal migration through cAMP dynamics, in the context of migration along the postnatal Rostral Migratory Stream (RMS) from the ventricular/subventricular zone to olfactory bulb (OB) ( Fig. 1A) .
To investigate cAMP dynamics in migrating neurons, we electroporated neonate mice with an intraventricularly-injected plasmid to express the FRET (Förster Resonance Energy Transfer)-based cAMP-specific biosensor Epac-S H187 (Fig. 1B) (14) . Biosensor-expressing neurons were live-imaged in acute sections of the RMS with a two-photon microscope.
Ratiometric analysis revealed that a single cAMP-rich region (hereafter called hotspot) was present during NK and disappeared during pauses ( Fig. 1C and movie 1). 82% of migrating neurons displayed a dynamic hotspot (101 neurons, 134 NK from 10 mice). This hotspot specifically reflected a cAMP local enrichment since it was absent from neurons transfected with a version of Epac-S H187 with mutated cAMP-binding site (movie 2). The cAMP-hotspot diameter was 965±95nm and the maximum hotspot ratio level was constant during NK, being 52% (±2%) higher than the mean cell ratio. The hotspot stereotypically appeared at the front of the cell body before moving into the leading process, where it remained until after the nucleus performed NK. As this movement resembled the centrosome movement during migration, we co-electroporated the biosensor and centrin-RFP to label the centrosome. The hotspot co-localized with the centrosome before and during NK (Fig. 1D ). We thus discovered a dynamic cAMP hotspot at the centrosome of RMS migrating neurons.
The PC is a small rod-shaped organelle linked to the centrosome by its axoneme ( Fig.   2A ). Embryonic migrating neurons assemble a PC (2, 3, 15) and immunostainings revealed that it is also the case for RMS migrating neurons ( Fig. 2B, Fig. S1 ), similar to what was described recently (5) . The PC is a cAMP-rich region (10) (11) (12) (13) , raising the possibility that the cAMP hotspot at the centrosome could be PC-dependent. To test this hypothesis, we used two mouse lines in which ablation of the PC can be genetically-induced by Cre recombination (Kif3a lox/lox and Rpgrip1l lox/lox mice). Cre-electroporated mice were compared to GFPelectroporated mice. Cre electroporation led to an efficient ablation of the PC in both lines ( Fig. S1 ). Co-transfection of the biosensor with Cre in floxed mice showed that cilium ablation led to a concomitant disappearance of the hotspot in both lines ( Fig. 2C and movies 3, 4) , showing that the PC is necessary for the cAMP hotspot formation.
The membrane-bound Adenylate Cyclase 3 (AC3) is the predominant cAMP-producer in neuronal PC (16) . Immunostaining indeed revealed that AC3 is subcellularly localized in the PC (Fig. 2D ). Co-electroporation of a microRNA targeting AC3 mRNA coupled to GFP ( Fig. S2 ) with the biosensor showed that AC3 KD led to similar disappearance of the hotspot as PC ablation (movie 5, Fig. 2C ), showing that ciliary AC3 produces the hotspot.
To assess whether the hotspot influences migration, we compared the migration of control neurons with the migration of cilium-ablated and AC3 knocked-down neurons, conditions leading to hotspot disappearance. Kif3a lox/lox mice were thus transfected with GFP, Cre-GFP or miRAC3-GFP. Tracking of the GFP cells showed that cilium ablation and AC3 KD both slowed-down migration (Fig. 3A , movies 6-8) and increased pausing time (Fig. 3B ).
The frequency of NK was reduced ( Fig. 3C ), while the speed and distance of NK were unchanged. To confirm that the phenotype of recombined Kif3a lox/lox mice was due to cilium ablation, we performed the same experiment in Rpgrip1l lox/lox mice and observed the same defects ( Fig. S3 ).
Given the centrosomal localization of the hotspot, we wondered whether the hotspot could directly play a role in centrosome dynamics. We co-transfected centrin-RFP either with GFP, Cre-GFP or miRAC3-GFP in Kif3a lox/lox background and co-tracked the cell body and centrosome in migrating neurons (movie 9 (GFP) and 10 (CRE)). The maximum nucleuscentrosome distance reached by the centrosome during CK was reduced in cilium-ablated and AC3 knocked-down neurons, compared to GFP neurons ( Fig. S4A ). Furthermore, inefficient CK (CK not followed by NK) was increased in cilium-ablated and AC3 KD neurons compared to GFP neurons ( Fig. S2B ), suggesting that the hotspot is necessary for proper microtubular coupling of centrosome and nucleus.
Altogether, our results show that the ciliary-dependent cAMP-hotspot regulates migration by a direct action on the centrosome, with consequences on centrosome/nucleus coupling and NK.
PKA is localized at the centrosome of diverse cell types including neurons (17) (18) (19) .
Immunostaining for the catalytic subunit of PKA (cPKA) showed that it is the case in RMS migrating cells, where it appears as a diffuse area surrounding the centrosome (Fig. 4A ), while it was not detected in the PC (not shown). To test the role of PKA, we electroporated the regulatory subunit of PKA devoid of its centrosomal anchoring domain (dominantnegative, dnPKA) coupled to GFP, which traps the endogenous cPKA in the cytoplasm (19) ( Fig. 4B, Fig. S5 ). Similar to cilium ablation and AC3 KD, dnPKA slowed-down migration We can thus conclude that the centrosomal cAMP-hotspot is a general feature of migrating neurons, independent of age and type of migration.
The importance of the PC for neuronal migration has been inferred from ciliopathies (20) and evidenced in embryonic cortical interneurons (2, 3) . The PC is often considered as a signal integrator, with paramount importance for Shh signaling (2, 21) . However, the mechanisms by which cilium-mediated signaling is converted into a migratory response are not understood (22) . Our data provide such an intracellular mechanism, whereby the centrosome acts as a cAMP/PKA signaling platform downstream of the PC, with AC3produced cAMP reaching the centrosome, where it locally activates PKA to regulate centrosome dynamics and NK. Very recently, the PC in postnatal and adult RMS was shown to cyclically emerge from the plasma membrane of migrating neurons before and during NK (5) . Strikingly, this is coincident with the hotspot formation, so that the cyclic emergence of the PC could directly explain the cAMP hotspot cyclicity.
The centrosome as a signaling center is an attractive concept (23) . Its importance as a cAMP signaling platform was hypothesized with the discovery of PKA centrosomal localization (17, 18) . Interestingly, a study using a centrosome-targeted FRET-biosensor in cultured cells reported a low cAMP microdomain at the centrosome, important for cell cycle progression (24) . Regulation of the pattern of division of neural progenitors also involves PKA at the centrosome (19) . Here, we report a role of the centrosome as a cAMP signaling platform in a non-mitotic cell, with a functional output on the regulation of migration through local PKA activation. The co-localization of the cAMP-hotspot with PKA at the centrosome might ensure that the concentration of cAMP locally exceeds the activation threshold of PKA (25) .
To conclude, we show that the PC and centrosome are functionally linked by cAMP signaling in migrating neurons. We propose that PC and centrosome may be considered as a single cAMP-signaling unit, where the PC is a cAMP producer through local AC3, and the centrosome is the effector, through activation of centrosomal PKA by short-range diffusion of ciliary cAMP. This might create a direct link between the PC and the microtubule-organizer function of the centrosome. This cAMP dialogue between PC and centrosome might exist in other ciliated cell types to subserve diverse functions in health and disease. 
MATERIAL AND METHODS

Mouse lines
Mice were housed in a 12-hour light/dark cycle, in cages containing 2 females and one male. Kif3a is part of a kinesin motor required for cilium maintenance (26) . Rpgrip1l is a protein located at the transition zone of the PC, which mutation leads to ciliopathies in humans (29) .
Plasmid constructions
pCaggs-Epac-S H187 was derived from pCDNA3-Epac-S H187 kindly given by Kees Jalink (14) .
Minor modification on the Epac-S H187 sequence was performed to reduce codon redundancy without altering the protein sequence. pCaggs-GFP, pCaggs-CRE-IRES-GFP and pCaggs-CRE-IRES-Tdtomato were designed in the laboratory. pCIG-PKA RIΔ2-6 wt subunit flagged (call later on pdn-PKA) was kindly given by Elisa Marti (Saade et al, 2017) . pCs2-Centrin-RFP was ordered in addgene (#26753). All the plasmids were used at a concentration between 5 to 8µg/µL (0,01% Fast green) for postnatal electroporation, 2µg/µL (0,01% Fast green) for in utero electroporation and 10µg/µL for adult electroporation.
Biosensor
The Epac-SH187 cAMP biosensor is composed of a part of Epac protein coupled to a donor and an acceptor fluorophore (13) . This biosensor displays a high ratio change and excellent photostability for measuring live cAMP concentration in the micromolar range. It switches from a high FRET conformation to a lower FRET conformation upon binding of cAMP on EPAC. Changes in cAMP concentration were analyzed by ratioing donor (mTurquoise2) and acceptor (td-cpVenus) images, and represented by pseudo-colors (see Fig.1C,D) . The resulting constructions were sequenced before use.
Postnatal electroporation
Postnatal electroporation was performed at P2. The postnatal mice were anesthetized by hypothermia. Pseudo-stereotaxic injection (from lambda ML: -1,2, A/P:2, D/V: 2,5-2) using glass micropipette (Drummond scientific company, wiretol I 50µL, 5-000-1050) was performed and 2µL of plasmid (betweeen 5 and 8 µg/µL) were injected. Animals were subjected to 5 pulses of 99,99V during 50ms separated by 950ms using the CUY21 SC Electroporator and 10mm tweezer electrode (CUY650-10 Nepagene). The animals were placed on 37°C plates to restore their body temperature before returning with their mother.
Animals were considered as fully restored when pups were moving naturally, and their skin color returned to pink.
Acute brain slices
Brain slices from mice aged from P6 to P10 were prepared as previously described (30) . Pups were killed by decapitation and the brain was quickly removed from the skull. 250µm sagittal brain slices were cut with a VT1200S microtome (Leica). Slices were prepared in the ice-cold cutting solution of the following composition: 125mM NaCl, 0.4mM CaCl2, 1mM MgCl2, 1.25mM NaH2PO4, 26mM NaHCO3, 5mM sodium pyruvate, 20mM glucose and 1mM kynurenic acid, saturated with 5% CO2 and 95% O2. Slices were incubated in this solution for 30 min at room temperature and then placed in recording solution (identical to the solution used for cutting, except that the Ca 2+ concentration was 2mM and kynurenic acid was absent) for at least 30 min at 32°C before image acquisition.
Time-lapse video microscopy
To analyze cell migration and centrosome dynamics, images were obtained with an inverted SP5D confocal microscope (Leica). Images were taken every 3 min for 2-3h using a 40X/ 1,25 N.A. objective with 1.5 optical zoom.
Biosensor images were acquired with an upright two-photon microscope Leica SP5 MPII with a 25x/ 0,95 N.A, objective, 4x optical zoom, and GaAsP hybrid detector. The excitation wavelength was set at 850 nm to excite the the mTurquoise2 donor. The two emission wavelengths were acquired simultaneously with filters of 479+/-40 nm and 540+/-50 nm.
Image stacks with 2µm intervals were taken every minute for 1h. The presence of tdTomato, indicative of CRE recombinase or miRNA, was assessed with a confocal head. For simultaneous detection of the centrin-RFP and biosensor, two-photon excitation for the biosensor and confocal head for centrin-RFP were alternated. Stacks were spaced by 1µm and acquired every 2 minutes.
The temperature in the microscope chamber was maintained at 32°C, for embryos and postnatal imaging, or 35°C, for P30 imaging, and brain slices were continuously perfused with heated recording solution (see above) saturated with 5% CO2 and 95% O2.
Analyses of neuronal migration
Analyses were performed using ImageJ (NIH Image; National Institutes of Health, Bethesda, MD) software and MTrackJ plugging (31) . The nucleus and the centrosome of each cell were tracked manually on each time frame during the whole movie. For cell migration and centrosome movement characteristics, calculation of speed, nuclear translocation frequency and pausing time were performed using the x,y,t coordinates of the nucleus of each cell.
Cells were excluded from the analysis if they were tracked during less than 30 min or did not perform any nuclear translocation during the whole tracking. A cell was considered as migrating if it performed a distance superior to 6 µm during a 3-minute interval.
A centrokinesis was defined as a forward movement superior to 2 µm followed by a backward movement superior to 2 µm. Maximal distance between centrosome and nucleus of every centrokinesis was considered.
Quantification of biosensor images
Image stacks obtained for donor and acceptor emission were processed with a custom code developed in the IGOR Pro environment (Wavemetrics, Lake Oswego, OR, USA). The maximum intensity was projected vertically to form a 2D image. The fluorescence intensity of donor and acceptor were averaged to build an image indicating biosensor concentration. The fluorescence intensity of donor and acceptor were ratioed for each pixel to report biosensor activation level (see above). For each experiment, ratio values were multiplied by a constant such that baseline ratio was 1. These images were combined to produce pseudocolor images, with the ratio used as hue (from blue to red) and the intensity as value, while the saturation was set to the maximum (30, 31) .
For each migrating neuron, the ratio was analyzed in 1 dimension, along its migration direction, and calculated as follows. A series of anchor points were manually positioned along the length of the cell, and the profile of ratio and intensity was calculated along these line 
In utero electroporation
Timed pregnant E15 C57Bl6 mice were anesthetized with isoflurane. During the experiment, mice were on a 37°C plate. The uterine horns were exposed, and the embryos were injected in the lateral ventricle with a glass micropipette. 1µL of plasmid (2µg/µL) was injected. The successfully injected animals were then subjected to 5pulses of 45V during 50ms separated by 950ms using the CUY21 SC Electroporator and 5mm tweezer electrode (CUY650-5 Nepagene). The uterine horns were then replaced in the belly and the belly was sewn up. The animals were placed in a cage on 37°C plates to restore their body temperature before returning in their own cage.
Adult electroporation
P21 C57Bl6 animals were anesthetized with a mixture of ketamine and xylazine. Stereotaxic injection (from the bregma M/L: 1, A/P:0, D/V:2,1) was performed with a glass micropipette and 2µL of the plasmids (10µg/µL) was injected in the right lateral ventricle. The animals were then removed from the stereotaxic setting and subject to 5 pulses of 200V during 50ms separated by 950ms using the electroporator NEPA21 with 10mm tweezer electrode (CUY650-10). The animals were then placed on a 37°C plates to restore their body temperature before returning in their cage.
Acute brain slices of embryonic and adult brains
For imaging of E18 embryos, the mother was killed by cervical dislocation and the embryos were removed from the horn and placed in an ice-cold cutting solution (same composition as above). The embryos were decapitated, and the brain was quickly removed from the skull. 300µm sagittal brain slices were cut in the same ice-cold solution. Then the same protocol as above was followed. P30 mice were killed by cervical dislocation. The brain was quickly removed from the skull. 200µm sagittal brain slices were cut with a VT1200S microtome (Leica). Slices were prepared in an ice-cold solution of the following composition: 130mM potassium gluconate, 15mM KCl, 2mM EGTA, 20mM HEPES, 25mM glucose, 1mM CaCl2 and 6mM MgCl2, supplemented with 0.05mM D-APV (304 mOsm, pH 7.4 after equilibration) saturated with 5% CO2 and 95% O2 (32) . Then the slices were places for 3 to 5 minutes in a ice-cold solution of the following composition: 225mM D-mannitol, 2.5mM KCl, 1.25mM NaH2PO4, 25mM NaHCO3, 25mM glucose, 1mM CaCl2 and 6mM MgCl2 (32) saturated with 5% CO2 and 95% O2 before being placed in the recording solution (described above) at 32°C and saturated with 5% CO2 and 95% O2 for at least 30 min.
